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Definite advice as to practical procedure must be based 
on a firm foundation of fact if the leaders in the applied 
science are to retain any confidence in those who lay the 
first stones in the pure science. At the same time, if it is 
clearly understood that science only approximates truth, 
that so-called "established laws" are only highly prob- 
able and never absolute, it can hardly be said to be unwise 
if an inventory of fact is taken at any time. The hand- 
writing on the wall is never finished ; some words are dim 
and the erasures and omissions are many, but that is no 
reason why one should not try to read it and to see what 
it directs if he has translated aright. 

This preliminary justification of the title of this article 
is made because our present stock of facts regarding 
heredity points clearly to the chromosomes as vital parts 
of the meehanism, and I wish to emphasize some impor- 
tant practical deductions in case this position continues to 
become more firmly established. 

A just and complete dissertation upon the role of the 

i This paper is based upon two lectures delivered at Harvard University 
in 1914. I hope that any cytologists who may have their attention called 
to it will overlook the repetition of some well-known facts in the first few 
pages, as it is intended to be merely a general statement of a particular 
point of view with certain deductions that follow if it be accepted. I wish 
to thank Doctors O. E. White, T. H. Morgan and B. Goldschmidt for their 
kindness in giving me many suggestions, but in justice to them I should state 
that they are not responsible for the conclusions drawn. 
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chromosomes in heredity not only wonld fill many pages, 
but would expose numerous gaps in our present knowl- 
edge, gaps that leave several important questions in the 
balance. We shall assume frankly therefore that the 
chromosomes are the bearers of the determiners of prac- 
tically all of the hereditary characters that have been in- 
vestigated by pedigree culture methods, acknowledging 
freely our ignorance on many points, but maintaining that 
while no facts have been discovered which offer insur- 
mountable arguments against the viewpoint taken, the 
following logical sequence of truths discovered at various 
times and by different methods of research make a pretty 
sound case upon which to base our practical conclusions. 

Belative Importance of Nucleus and Cytoplasm 
There are several reasons for believing that of the two 
parts of the cell, the nucleus and the cytoplasm, the former 
plays the greater role in heredity. 

In general it is believed that the two parents contribute 
equally in the production of offspring- — that the male and 
female contribution of potential characters is practically 
the same. If there were a difference it would be shown 
by divergent results in reciprocal crosses, but the investi- 
gations following Mendel's method make it probable that 
with the exception of sex and sex-linked characters, the 
results of reciprocal crosses are generally alike. This 
being true, it would appear that the principal basis of 
inheritance must be sought elsewhere than in the cyto- 
plasm, for in most observed cases the sperm is very much 
smaller than the egg, and this difference is largely a dif- 
ference in the amount of cytoplasm each carries. Is one 
not to look for some significance in this disparity in size? 
Strasburger, as well as other botanists, has even gone so 
far as to declare the male generative cell in certain angio- 
sperms to be simply a naked nucleus that slips out of its 
cytoplasmic coat into the embryo sac, leaving the dis- 
carded coat behind, and that stimuli proceeding from the 
nucleus control the assimilation of food in the cell and 
determine even the character of the cytoplasm itself. 



N0.5S4] HEREDITY AND ITS MEANING 459 

This belief may be too radical. The machine must have 
all of its parts to do proper work; and it may be, as Conk- 
lin suggests, that such characters as polarity, symmetry 
and localization of organ bases in the egg have their chief 
seat in the cytoplasm. This is only a possibility and not 
a fact, however, for one must admit that cytological inves- 
tigation has not disclosed the presence of a material basis 
of heredity in the cytoplasm, though he may not be con- 
vinced that it is unimportant. Does the same statement 
hold for the nucleus? 

The nuclear cavity contains four substances as they are 
ordinarily described in connection with morphological in- 
vestigations. These are nuclear sap, linin, nucleolar ma- 
terial and chromatin. 

Nuclear sap probably belongs as much to the cytoplasm 
as to the nucleus, and we know nothing as to its possible 
significance and importance within the nucleus. 

Linin by some investigators is regarded as very similar 
to chromatin. Others (Strasburger) consider it to be 
the framework of the chromosomes, and the only real sub- 
stance within the nuclear cavity that is continuous from 
generation to generation. It is a thread-like material 
staining lighter than chromatin upon which the chromo- 
somes appear to be strung in the early prophases of nu- 
clear division. 

Nucleolar substance, though it stains in a different 
manner from chromatin, is considered by many to be 
chromatin-like in its nature. It is the substance of which 
the nucleoli are composed; but as these bodies become 
vacuolated and finally disappear during nuclear division, 
one is led to believe with Strasburger that they are tem- 
porary storehouses of some necessary food material. 

Chromatin, however, as the material of which the 
chromosomes are composed, plays such a peculiar part in 
the activities of the cell, that hypotheses as to the mean- 
ing of its behavior are certainly more than shrewd guesses, 
as will be seen. 

The chromosomes may be described as morphological 
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elements, of various shapes and sizes that are found 
within the "nucleus; they are especially demonstrable as 
deeply staining bodies, definite in number for each cell at 
the period of division. In many cases in both plants and 
animals they have been found to be made up of small 
particles, the chromomeres, and various investigators 
have expressed the belief that these, too, are definite in 
number and play an important part in the larger collective 
entity, the chromosome. 

Almost from their discovery, the chromosomes have 
had an especially important part assigned to them in the 
drama of heredity because of the previous philosophical 
deductions of Weismann. "Weismann reasoned that if 
there were no reduction of heritable substance in the life 
cycle of an organism, it would pile up indefinitely because 
of the nuclear fusion at fertilization. He, therefore, pre- 
dicted the discovery of some mechanism by which the 
character conserving substance would be divided. A few 
years later his prediction was verified in its important 
details by actual observation of the chromosome reduc- 
tion in the formation of germ cells in Ascaris. From this 
discovery and from the facts that a specific number was 
found for the cells of each species, that all the cells of an 
individual appeared to possess the same number (except 
when they were halved at gametogenesis), that they were 
apparently permanent organs, that they were longitudi- 
nally halved in division so as to give each daughter cell 
the same number as well as an exact half of each chromo- 
some possessed by the mother cell, investigators were 
early tempted to place upon chromosomes the whole 
burden of inheritance. 

Our observations regarding chromosomes and the re- 
duction divisions in plants now rest on a basis of cyto- 
logical investigation of over 250 species, representing 
over 150 genera and divided among the four great groups 
of this kingdom. Montgomery's 1906 list of chromosome 
numbers in animals represents investigations on 185 spe- 
cies, comprised in about 170 genera, distributed among 
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nearly all the phyla of the animal kingdom. Sex chro- 
mosome studies have undoubtedly increased these figures 
for the animal kingdom to date, by hundreds of species. 

Variation in chromosome number among the cells of an 
individual plant or animal is a recognized fact among 
cytologists, but this variation is not regarded as of par- 
ticular significance, as commonly it is held to exist only 
among old cells, cells highly specialized, or, at any rate, 
cells which will never have anything in common with re- 
production. To quote from Strasburger, 

the number of chromosomes in the nuclei of the somatic cells of both 
the sexual and the asexual generations have been found to vary. But so 
far as my experience goes, these observations are always to be observed 
in the nuclei of cells which are no longer embryonic, like those in an 
embryo or growing point, but which, on the contrary, are to some ex- 
tent histologically specialized and are not destined eventually to give 
rise to reproductive cells. The determinate number is still more fre- 
quently departed from in nuclei which are definitely excluded from the 
sphere of reproduction. 

In the reproductive cells, chromosome division is, on 
the other hand, very exact, and the numbers found, almost 
invariable, with one exception. This exce]otion is the so- 
called accessory chromosome or chromosomes, that ap- 
pear to be coupled with sex differentiation. And the 
very fact that such accessory chromosomes do exist and 
by their presence or absence parallel sex distribution, 
forms one of the most unanswerable arguments in favor 
of the chromosomes being the chief bearers of character 
determinants. 

Morphological Individuality of the Chromosomes 
The next topic to consider is whether there is sufficient 
evidence to support the idea that these bodies— the chro- 
mosomes—are morphological entities persisting from one 
cell generation to another. 

Prochromosomes are deeply staining bodies found in 
the resting cell nuclei of plants, which probably corre- 
spond in number, but not in size, to the chromosomes 
which are found in the dividing nuclei. These bodies are 
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thought to represent the resting nuclear condition of the 
chromosomes. Prochromosomes have been found in at 
least sixty species of plants, and various structures com- 
parable to them in many others. These investigations 
favor the thought that the chromosomes are persistent 
morphological entities ; nevertheless they are not suffi- 
cient to establish the matter if there were no other data 
at hand. 

There is a series of facts, however, which is more con- 
vincing. We are told that in addition to each species of 
animal or plant having in the larger part of its cells a spe- 
cific number of chromosomes, there is a constant reap- 
pearance of the different shapes and sizes of these chro- 
mosomes in the same positions relative to one another 
during cell division after cell division. 

Strasburger says: "The observation of such a series 
of stages of nuclear division as can be obtained by the 
laying open of embryo sacs in which development of 
endosperm tissue is commencing, makes it difficult to re- 
sist the impression that it is always the same chromo- 
somes which make their appearance over and over again 
in the repeated divisions. In the prophase, the chromo- 
somes are seen to appear in precisely the same position 
that they occupied in the preceding anaphase, and if the 
picture of the anaphase were proportionally enlarged, it 
would exactly correspond to that of the succeeding pro- 
phase. ' ' 

The facts from which these general conclusions have 
been drawn can not be denied. Baltzer found odd-shaped 
chromosomes of similar shape in many maturing eggs of 
sea urchins. Boveri, Montgomery and later Schaffner 
pointed out a constant difference in the form and the size 
relations of the two chromosomes of Ascaris megalo- 
cephala univalens. Sutton thought he could recognize 
each individual chromosome in eleven consecutive cell 
generations of the maturing germ cells of the lubber 
grasshopper Braehystola magna. The so-called sex chro- 
mosome which has been found in so many insects and 
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other animals, is a clear case of constancy in appearance. 
In plants the same phenomenon has been observed. Eo- 
senberg investigated the pollen mother cells of Crepis 
virens and in certain stages in division invariably found 
two long, two intermediate and two very short chromo- 
somes. Division figures in the somatic cells showed the 
same differentiation, and in an examination of the nuclei 
of the pollen grain he found only one chromosome of each 
kind present. Such other species of this genus as have 
been investigated also show some variation in chromo- 
some form, although it is not so striking as in C. virens. 
Hieracium venosum, exceptionally good material also in- 
vestigated by Eosenberg, has shown the same thing. 
Edith Hyde remarks on the fact of the constant reappear- 
ance of certain chromosome forms among hundreds of 
division figures which she observed in Hyacinthus orien- 
talis. Sauer mentions a very long chromosome constantly 
present in pollen mother cell preparations of the lily-of- 
the-valley, and Strasburger and Lutz found a large 
chromosome among many small ones in Lychnis dioica. 
In certain species of Yucca this chromosome differentia- 
tion takes on a dimorphic aspect, ten of the chromosomes 
being very large and about forty-five very small. 

Taking into consideration all of these facts, of which 
hardly more than a random sample has been given, one 
is clearly justified in concluding that these cell characters 
are reproduced generation after generation. Why this 
constancy if they are not important ? 

Physiological Individuality op the Chromosomes 
There is also considerable reason for believing that the 
various chromosomes of a cell may have different func- 
tions. 

Boveri was the first to endeavor to test this hypothesis 
by allowing sea-urchin's eggs to be fertilized by two sper- 
matozoa. Three nuclei, each with eighteen chromosomes, 
were thus present in the same egg, two male and one 
female. Although cytoplasmic division seemed to pro- 
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ceed normally, the chromosomes were usually distributed 
irregularly by a three-poled or a four-poled spindle. As 
a result three or four cells were produced at the first divi- 
sion of the doubly fertilized egg, instead of the two cells 
that arise after normal fertilization. Various abnormal 
larva? were produced later. In such embryos, Boveri found 
the organism to be divided into definite regions, thirds or 
fourths, each part traceable to one of the three or four 
original cells, and the cells of each part differing from 
the cells of the other parts in their combination of chro- 
mosomes and usually in their chromosome number. In 
rare cases normal embryos were produced, but these were 
more commonly developed from a doubly fertilized egg 
which in its first division was three-celled, than from one 
in which it was four-celled. The thought occurs at once 
that three cells have a better chance than four cells in 
securing a full set of chromosomes, both as to number and 
kind. If the division were normal, each nucleus would 
receive a full set in the case of the chromosome distribu- 
tion to three cells, but the division is usually irregular, 
and because of this irregularity each cell does not usually 
secure its normal set of chromosomes. Nevertheless it 
is clear that the embryo parts developed from the three- 
celled cleavage stand a much greater chance of being 
normal than those from the four-celled type, although 
through irregularities in division an eighte en-chromo- 
some-celled region might be formed even where the first 
division was four-celled. 

In some cases, the embryo was completely normal as 
regards skeleton and pigmentation in one or even two of 
its thirds, while the remainder was entirely lacking in 
these characters. Nearly normal embryos occurred which 
were perfect as to parts and specific characters, but indi- 
vidual variations which normally should have appeared 
in separate larvae were present among the thirds. Asym- 
metrical larva? also were formed. 

More important still are the results Boveri obtained by 
isolating the three cells of the three-fold type and the 
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four cells of the four-fold type and allowing them to de- 
velop into larvae. When the four cells of a four-celled 
stage of a normal embryo are separated, each cell pro- 
duces a normal dwarf embryo alike in every respect, but 
the three- or four-celled embryos from double fertilized 
eggs, when treated in the same manner, never produce 
normal dwarfs even when the chromosome distribution 
has been numerically equal. Large numbers of larvae 
brought into existence through this experiment showed all 
possible combinations of characters, just as all possible 
chromosome combinations were found in their nuclei, 
and from these and other data the conclusion is drawn 
that "not a certain number, but a certain combination of 
chromosomes is necessary to normal development, and 
this clearly points out that chromosomes have different 
qualities." In other words, the sea urchin has a set of 
eighteen chromosomes, each chromosome performing at 
least some different functions from its neighbors, making 
it necessary for the whole set to be present in order to 
insure normal development. 

In further investigations, Boveri placed sea-urchin eggs 
which had been normally fertilized and were about to di- 
vide under pressure. As a result, division of the nucleus 
took place, but often no division of the cytoplasm. Such 
eggs on again dividing often formed more than two poles, 
resulting in inequalities in chromosome distribution and 
abnormal larval development. Boveri puts upon these 
cases an interpretation similar to that of the preceding 
experiments, as the irregular chromosome distribution 
seems to be all they have in common. 

Morgan comments on Boveri 's experiments as follows: 

The evidence makes probable the view that the different chromosomes 
may have somewhat different functions and that normal development 
depends on the normal interactions of the materials produced by the 
entire constellation of chromosomes. 

Artificial parthenogenesis and experiments with enu- 
cleated eggs have proved that only one set of chromosomes 
is necessary to normal development of embryos, but it is 
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important, in considering these experiments, to note that 
two sets of similar chromosomes are present in a normal 
sexually produced organism. 

Pairs of chromosomes of each shape and size (if they 
differ in shape and size) are nearly always found in the 
somatic cells — the exception being when the so-called 
accessory chromosomes are present. And since but one 
of each kind is found in the two gametes that fuse to form 
the new organism, it is only natural to suppose that one 
set was contributed by the maternal parent and the other 
by the paternal parent. 

The numerous cases in which this phenomenon has been 
demonstrated are to many the most convincing evidence 
of some sort of a morphological individuality of the chro- 
mosomes. To them the fact implies pairs of freight boats 
loaded with the essential materials of life, to others— the 
minority^it is no more wonderful than the constant re- 
currence of other plant organs. At any rate, it has been 
shown that these sets of chromosomes continue an appar- 
ently independent existence for some time. Moenkhaus 
produced hybrids between the two species of fish, Funclu- 
lus heteroclitus with long straight chromosomes and 
Menidia notata with short curved chromosomes, and the 
early divisions of the fertilized egg showed clearly com- 
plete sets of chromosomes from each parent. Rosenberg 
obtained similar results in crosses between the two sun- 
dews, Drosera longif cilia, which has forty small chromo- 
somes, and Drosera rotundifolia, which has twenty large 
chromosomes. In some cases similar to the latter, where 
one parent contributes a greater number of chromosomes, 
it should be noted that the organism seems to have regula- 
tory powers. The chromosomes unnecessary for a double 
set are either thrown out or take no part in the activities 
of cell division. For example, in the supposedly hybrid 
sundew, Drosera ooovata, Rosenberg found that its thirty 
chromosomes behaved in the following peculiar manner. 
Ten of them paired with another ten, but the other ten 
remained unpaired and acted in a very abnormal fashion 
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in the reduction divisions. The ten pairs separated nor- 
mally, one of each pair going to each pole; but the ten 
unpaired were irregularly distributed, sometimes nearly 
all of them going to one pole, sometimes most of them be- 
coming lost in the cytoplasm and forming small nuclei. 
Embryos were produced in a very few cases and these 
only through back-crossing with pollen of D. longifolia. 
Unfortunately these embryos only developed through a 
few cell divisions. 

These chromosome pairs have been distinguished by 
the name homologous chromosomes. For a long time it 
was thought that the paternal and the maternal set of 
chromosomes separated from each other bodily at the re- 
duction division. Now it is believed to be only a matter 
of chance which chromosome of a pair passes to a particu- 
lar daughter cell. There is some cytological evidence for 
this view, but the main argument in its favor is that this 
behavior is all that is necessary to fit nearly all the known 
facts of heredity, with the chromosomes playing the 
part of the active heredity machinery as will be seen 
shortly. This statement is true in a broad sense, but the 
word nearly is used because there is an exception to it. 
Chance apportionment of either member of a homologous 
pair of chromosomes to a daughter cell accounts for all 
facts of alternative (Mendelian) inheritance except where 
there are breaks in the correlation between characters 
usually inherited together. Since such breaks in corre- 
lation are common, it is clear that there must be a period 
when chromosome pairs have such an intimate relation 
that material can be exchanged. Many biologists believe 
that such a period is found during the maturation of the 
sex cells. The particular point at which such a conjuga- 
tion or approximation of chromosome pairs takes place is 
called synapsis; it occurs as a part of the prophase or 
first stage of the reduction division. Some investigators 
have been unable to demonstrate any real chromosome 
fusion at this time, but all agree that there is an approxi- 
mation between the two sets, and a chance for some kind 
of an exchange or interaction to take place. 
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Evidence of the physiological individuality of the chro- 
mosomes may be concluded by referring briefly to the so- 
called accessory chromosome. This fraction of a chro- 
mosome, whole chromosome, or in some cases, group of 
chromosomes, possesses no true synaptic mate, and there- 
fore at reduction division two types of daughter cells are 
found. The presence or absence of the "accessory" is so 
closely associated with sex determination that most biolo- 
gists now regard it as the morphological expression of a 
germinal sex determinant. The essential result of re- 
searches on this body may be summed up in the following 
words of Wilson. 

They have established the existence of a visible difference between the 
sexes in respect to these chromosomes, and have shown that it is trace- 
able to a corresponding difference in the nuclei of the gametes of one 
sex or the other. 

The simplest type of accessory chromosome, where the 
male possesses an unpaired chromosome which passes 
to one pole undivided in one of the spermatocyte divisions 
and hence enters but half the spermatozoa, was discovered 
by Henking (1891) in Pyrrliocoris. This work was con- 
firmed in certain species of Orthoptera in 1902 by Mc- 
Clung, who advanced the hypothesis that the odd chromo- 
some was a sex-determiner. Shortly afterward this was 
made more probable by Wilson and by Stevens who 
proved for several species of Hemiptera that the body 
cells of the males contain one less chromosome than the 
females. Two accessory or X chromosomes are present 
in the female, while but one is present in the male. 

About the same time, both Wilson and Stevens inde- 
pendently discovered another kind of dimorphism in male 
germ cells of certain Hemiptera. Here the X chromo- 
some of the male has a smaller synaptic mate Y. The 
body cells of the female, however, show two of the large 
X chromosomes. The sexes, therefore, both contain the 
same number of chromosomes, but have the same type of 
chromatin difference as was first discovered. The female 
is XX and the male XT. 
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Baltzer claimed in 1909 that in the sea. urchins Sphcere- 
chinus and Echinus the sex with the dimorphic germ cells 
is the female instead of the male, hut the work of Tennent 
has shown him to he in error and he has retracted the 
statement. There is, therefore, no undisputed cytological 
evidence demonstrating this type of dimorphic eggs ; hut 
since breeding results on certain species of birds and of 
lepidopters can be interpreted only on such an assump- 
tion, it is safe to assume that sooner or later they will be 
found. 2 "Whether or not there are animals of this type, 
however, is of no particular importance in the present 
discussion. What we desire to emphasize is that a large 
number of animals, including man, have been shown to have 
a chromatic difference between the sexes, and that this 
difference is readily explained by the fact that the eggs 
are of a single type and the spermatozoa of two types. 

In dioecious plants no such morphological differentia- 
tion has been found. But this fact does not negate the 
idea that the visible differences found in animals are really 
sex-determining differences. We have only to suppose 
that the dimorphism is primarily qualitative and second- 
arily quantitative. Indeed Wilson has found that the Y 
chromosome— the synaptic mate of the X— may vary in 
different species from a size equal to that of X until it 
disappears entirely, leaving X without a mate. 

There is only one criticism in this whole matter. One 
may admit these cytological differences between the sexes, 
but hold that they are early appearances of secondary sex- 
ual characters. Morgan, von Baehr and Stevens have 
answered this impeachment. In the phylloxerans and 
aphids all the fertilized eggs produce females ; males arise 
only by parthenogenesis, though females may arise in this 
manner. The cytological facts are as follows: Under 
favorable external conditions eggs develop without reduc- 
tion and females are formed. Under unfavorable condi- 
tions one or two chromosomes (the sex determiners) are 
thrown out. If these eggs develop without fertilization 

2 Dimorphic eggs in Lepidoptera have recently been demonstrated by 
both Doncaster and Seiler. 
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males arise. The somatic condition of the females may 
therefore be termed XX and that of the males XT. If 
both reduced normally at any time, ordinary fertilization 
might be expected to give both males and females. But 
the spermatocytes without X degenerate, leaving only one 
type of functional spermatozoa, which produces females. 
Thus actual causal connection between the X chromosome 
and sex determination appears to have been demonstrated. 
These are the main cytological arguments in favor of 
the chromosome view of heredity that seem to me to be 
insuperable. There are minor arguments both pro and 
con, which, as I said in the beginning, we have not space 
to consider. Instead it seems more profitable to show 
how Mendelian results interlock with those from cytology 
like the parts of a jig-saw puzzle. 

Chromosomes and Mendelian Inheritance 
The principal phenomena of Mendelian inheritance are : 
(1) characters that breed true; (2) uniformity of the 
population of the first hybrid generation in particular 
traits in which homozygous parents differed; (3) inde- 
pendent segregation of certain character determiners; 
(4) recombination of certain characters; (5) perfect 
coupling between certain characters; and (6) partial 
coupling between certain characters. Let us see how 
plausibly one can picture the mechanism through which 
such phenomena may result without imputing to the 
chromosomes any behavior that is not known to occur. 
To do this simply let the imagination portray a plant spe- 
cies having four chromosomes, each chromosome having 
three character determinants that can be followed through 
the breeding results that are obtained. 

Our figures represent the immature germ cells of the 
plant just previous to the reduction division. Fig. 1 
shows the germ mother cell with a duplicate set of heredi- 
tary determinants. The mature germ cells are exactly 
alike, therefore the plant breeds true to the characters 
concerned. 
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Suppose, however, that a change in the germ plasm has 
occurred (Fig. 2) at some time or other. In one member 
of the first pair of chromosomes, determinant "A" has 
become "a." The mature germ cells differ from each 
other by one factor. For this reason the plant does not 
breed true, but gives a mono-hybrid Mendelian result. 
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Fig. 3 
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Again, if such a change occurs that A becomes A' (Fig. 
3), a series of triple allelomorphs giving monohybricl re- 
sults with each other, is formed. "A" is allelomorphic 



to "A"' or "a. 
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Fig. 4 

But there are other character determinants in the first 
pair of chromosomes. What happens if both "A" and 
"B" become changed? There are two possibilities, as 
shown in the two parts of Fig. 4. If one of the members 
of the pair of homologous chromosomes becomes abC 
while the other remains ABC, there is a positive corre- 
lation between the inheritance of "A" and "B." On the 
other hand, if the change is such that the two chromo- 
somes are aBC and AbC, there is a negative correlation 
between A and B. In other words, the determinants re- 
main correlated in the same way they entered the com- 
bination. There may be breaks in these correlations, 
however, as Morgan has shown in DrosopMla; and these 
breaks in correlation occur in a constant ratio. Diagram- 
matically, it may be said that A and B are always the same 
distance apart in the chromosome structure and that the 
determinants "cross over" from one member of a pair 
to the other every so often. All of the gametes in the 
first case are not ABC and abC, for example. Some of 
them will be AbC and aBC. And the same percentages 
of these cross overs are found in the second case where 
"A" and "B" are correlated negatively. Furthermore, 
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if C should become c, and the chromosome pair take the 
form ABC and abc, there are definite relations between the 
three determinants. Breaks in correlation occur, and this 
ratio is constant, so that if given the percentage of breaks 
of correlation between " A " and " C " and " B " and " C, " 
the percentage of breaks between "A" and "B" can be 
predicted. If there is a break in the correlation between 
"A" and "C" 30 times in 100, and a break between "B" 
and " C " 10 times in 100, then there will be breaks in the 
correlation between "A" and "B" 20 times in 100. 



A 




a 


B 




B 


C 




C 








D 




d 


E 




E 


F 




F 



Fig. 5 

Likewise, the determinants in the second pair of chro- 
mosomes are coupled together in their inheritance. D, E 
and F have each their peculiar linkage to the other, a link- 
age that remains comparatively constant. Yet the de- 
terminants in the second pair of chromosomes are entirely 
independent from those in the first pair in their inheri- 
tance. For example, if, as shown in Fig. 5, "A" should 
become "a" in either member of pair number one, and 
"D" should become "d" in either member of pair number 
two, Mendelian dihybridism would result. Furthermore, 
if "A" and "D" should each have the function of affect- 
ing the same general character complex in somewhat the 
same manner, there would be an apparent 15:1 ratio if 
dominance were complete or a series of types ranging 
from the type of one grandparent to that of the other, if 
dominance is lacking. 

These are the main features that have been established 
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by recent work on hybrids. We have pictured them as 
actual chromosome functions, because every part of the 
description has been actual fact as far as the breeding 
experiments go. Our picture, it is true, is fictitious, for 
we do not know absolutely that the heredity mechanism is 
of this nature. But the facts do fit perfectly all that is 
known of chromosome behavior. It seems impossible, 
therefore, that there should be so many coincidences. 

There are also two other pieces of evidence that fit in 
and round out the case. Bridges has shown that females 
occasionally occur in Drosopliila bearing the sex-linked 
characters borne by the mother but showing no influence 
of those borne in the father. Such exceptional females 
were found to inherit directly from their mother the power 
of producing like exceptions, and it was proven cytolog- 
ically after the prediction had been made from the breed- 
ing facts that these females resulted from the non-disjunc- 
tion of the X chromosomes at the maturation of the eggs 
from which they came, and that one half of their daughters 
did in fact contain a Y chromosome in addition to two X 
chromosomes. This appears to be definite proof that sex- 
linked genes are borne by the X chromosomes. 

The other important basis for regarding the chromo- 
somes as the material basis for heredity also comes from 
Morgan's work on Drosopliila ampelophila, this being the 
only species upon which sufficient work has been done to 
give a reasonable basis for the conclusion. All of the hun- 
dred and thirty or so mutations in this species upon ivhich 
Morgan and his students have worked are so linked to- 
gether in heredity that they form four groups correspond- 
ing to the four pairs of chromosomes found in the species. 
If one single character should be found that did not fit into 
one of these four groups, the whole theory would break 
down. But no such character has appeared. 

This completes the case for the chromosomes as regards 
the main facts, and it seems only proper that a fair- 
minded jury of scientists should render verdict for the 
plaintiff. No case is so bad, however, that a lawyer can 
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find nothing to say for the defense and scientists in this 
respect resemble the men of the bar. Certainly there are 
some outlying facts, but they are comparatively unimpor- 
tant. If a series of important facts should at any time 
be found which do not fit, the chromosome mechanism 
should be looked into. It is likely that the explanation 
will be found in an abnormal chromosome behavior as was 
the case in the aphis. 

Practical Conclusions and Discussions 
If now it be accepted as a reasonable premise that the 
chromosomes are the chief if not the sole bearers of he- 
reditary determinants of body characters, and that their 
behavior is a rough indication of the mechanism of he- 
redity; what cytological facts, if any, can be made useful 
at present or in the future to plant and animal breeders? 
If such data exist, they should be put to service; if it is 
likely that such facts can be found, investigations should 
be undertaken. The broad question may be divided into 
three parts which will be discussed in regular sequence : 

1. What are the relations of chromosomes to somatic 
characters? 

2. What are the relations of normal chromosome beha- 
vior to the transmission of characters 1 

3. What are the relations of peculiar or unusual chro- 
mosome behavior to the transmission of characters? 

Relations op Chkomosomes to Internal Characters 
Some very interesting observations have been made' on 
the relations of internal and external characters to chro- 
mosome number. 

Farmer and Digby in a comparative study of the cells 
of a fern of the genus Athyrhim with similar cells of three 
of its varieties, found that the measurements were suc- 
cessively larger in the three varieties than in the species, 
and that there was a corresponding increase in the number 
of chromosomes, the gametic numbers for the species and 
its varieties being estimated at 76-80, 84, 90 and 100, 
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respectively. Investigations on another fern, Lastrea, did 
not corroborate these results, however, in one variety the 
chromosomes being more numerous and the cells smaller 
than in the parent type. 

Grates by comparing nuclei and cells of different tissues 
of (Enothera Lamarckiana and similar structures in its 
"mutant" 0. gig as with double the number of chromo- 
somes, found that the 0. gig as cells and nuclei were always 
larger, varying from a comparative ratio of 1 : 1.5 to 1 : 3. 
At the same time, it would hardly be wise to maintain that 
this is always the case, for only a few individuals were 
investigated. 

Primula sinensis has two forms in cultivation, similar 
except as to size. The giant form has flowers about one 
and one half times the size of those produced by the ordi- 
nary form. Gregory investigated these two forms cyto- 
logically to determine the cause of this increase. The 
nuclei and the chromosomes of the giant form were a little 
larger, though the difference was hardly a measurable one. 
The chromosome number was the same in both the forms. 
In a later investigation he has found that some exceed- 
ingly large plants with nuclei distinctly larger than those 
of the normal form had double the number of chromo- 
somes normal to the species. 

Boveri investigated this same relation of cells and nu- 
clei to chromosome number in N, 2N and 4N larvae of the 
sea urchin. From these studies, he concludes that chro- 
matin is non-regulatory, and in the case of decrease, un- 
regenerable, the cytoplasm in contrast showing the fullest 
regulatory activity. Further, the size of the larval cells 
is governed by the chromosome mass and the cell volume 
is directly proportional to the chromosome number. On 
the other hand, Conklin's investigations on annelids, mol- 
lusks and ascidians lead him to take a position opposed 
to that of Boveri. He says : 

The size of the nucleus, centrosomes and chromosomes is dependent 
upon the volume of the cytoplasm is clearly shown in Crepidula, where 
in large and small blastomeres, these structures are invariably propor- 
tional in size to the volume of cytoplasm. 
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Neither chromosomes nor nucleus control, the size of the 
cell in annelids, mollusks or ascidians. 

Relations between Chromosomes and External 
Characters 

Thus there seems to be no constant relationship even 
between nuclear or cell size and number of chromosomes, 
and bonds of union between external taxonomic charac- 
ters and chromosome number seem to be still more tenu- 
ous. It is true that certain giant Primulas and Oenotheras 
had more chromosomes than were characteristic of the 
normal forms, but it is just as clear that all giant Primulas 
(and the same is probably true of (Enotheras, from the 
work of Heribert-Nilsson and of Geerts) do not have ab- 
normal chromosome numbers. 

Results on several species of both animals and plants 
are interesting in this connection. 

The thread worm, Ascaris megalocephala, has two va- 
rieties, bivalens and miivcdens, the former having as a 2N 
number four chromosomes, the latter two chromosomes. 
Nothing is known as to the origin of these two forms. 
They are found parasitic in the same host individual and 
neither form is rare. According to Herla, they hybridize 
freely and produce embryos whose cells have three chro- 
mosomes, but no mature hybrids have ever been found. 
Meyer could distinguish no anatomical differences be- 
tween the two varieties. 

Rosenberg investigated the reproductive structures of 
two species of sundew and found one to have double the 
chromosome number of the other. A subsequent com- 
parison of anatomical and taxonomic characters failed to 
show any sharply marked differences between them ex- 
cept in size. The form having the smaller chromosome 
number was smaller and less robust. They inhabit the 
same territory and produce natural hybrids which are 
sterile. 

Rosa caiiina has two varieties which have the same taxo- 
nomic characters, but one form has thirty-four while the 
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other lias only sixteen chromosomes. The form with 
thirty-four chromosomes is apogamous and reproduces 
without fertilization, but that one must not conclude that 
apogamy is necessarily associated with a double or an in- 
creased chromosome number, is clear from the case of 
Rumex. Rumex was investigated by Both; one species, 
R. cordifolius, having forty chromosomes as its 2N num- 
ber, required fertilization to produce offspring; another 
species, with only sixteen chromosomes, was apogamous. 
A short list of nearly related species or species with two 
varieties varying in their chromosome numbers with their 
■character differences, if present, is given below. 



Name 



Date 



2K 



Characte rs 



Investigator 



Alchemilla Eualchemilla . . 

" aphanes 

Ascaris megalocephala .... 



Ascaris lumbricoides. 
Dahlia variabilis. . . . 



Drosera rotundifolia 

" longifolia 

■Echinus microluberculatus 



Helix pomatia 

Nephrodium molle . 



Oenothera lamarckiana. . . 
" gigas form. . . . 



Primula sinensis. . . . 
" giant form. 



Rosa canina. 



Thalietrum minus 

" purpurascens. . 
Zea Mays, "White Flint' 
" " , "Sugar" 



1904 
1904 
18S3 
1S95 

1887 
1887 
1911 
1911 
1909 
1909 
1888 
1902 
1903 
1896 
190S 
190S 
1911 
1909 

1909 
1909 
1914 
1909 
1904 
1909 
1909 
1911 
1911 



10 
32 
10 
20 

9 

18 
24 
12 
64 
06 
7 
14 

12 

12 
24 

8 
12 
24 
10 
12 



64 

32 

4 

4 

2 

24 

48 

32 

01 

20 

40 

IS 

36 

48 

24 

128 

132 

14 



Apogamous 
Alike externally 



More robust, etc. 

Alike externally 
None mentioned 

Large and 
coarser 

More robust 

Apogamous 

Apogamous 



Strasburger, E. 

Van Beneden 
Meyer, O. 

" " and others 
Boveri, T. 

Ishikawa, M. 

Rosenberg, O. 

Boveri, T. 

Ancel, P. 
v. Rath, O. 
Yamanouchi, S. 

Gates, R. R. 
Gregory, R. P. 



Rosenberg, O. 
Strasburger, E. 
Overton, J. B. 

Kuwada, Y. " 



What conclusions can be drawn from these facts ? Cer- 
tain botanists have attempted to connect chromosome 
doubling with apogamy, as usually the chromosome num- 
ber in apogamous species is higher than in the normal 
'species of the same genus; but there is no evidence of 
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apogamy in Oenothera gig as, and in Rumex the form with 
the low number of chromosomes is apogamous while the 
form with the high chromosome number requires fertili- 
zation. On account of these exceptions, therefore, it 
seems probable that the cause of apogamy is deeper than 
a mere doubling of the chromosomes, even though doub- 
ling may usually accompany such a change in reproduc- 
tive habits. 

Variation in chromosome number in the same species 
has been proposed as a cause of general variation in so- 
matic characters, but the evidence is not clearly in favor 
of such a theory. In the fern Nephrodium molle Yama- 
nouchi found spermatid cells to be of two sorts, those with 
sixty-six and those with sixty-four chromosomes. This 
would mean that Nephrodium has two gametophyte forms 
and two sporophyte forms, externally identical, so far as 
our present knowledge goes, but differing in their chro- 
mosome numbers. 

Further, sporophytes developing from the prothallia of 
ferns without the intervention of a sexual process have 
the N instead of the 2N chromosome number, yet apoga- 
mously developed fern sporophytes, except as to chromo- 
some number, are indistinguishable from normal sexually 
produced individuals of the same species. 

Many writers have been tempted to postulate a causal 
relation between the numerical variation of chromosomes 
among the species of a genus and the genera of a family 
and their specific and generic characters. The thirty or 
more species of Compositse investigated have shown a 
remarkable variation in their chromosome numbers, the 
2N numbers ranging between six and sixty, and, as is well 
known, the Compositse possess an infinite variety of 
sharply contrasting characters. But the lily family also 
has an enormous number of characters in its species and 
genera, and the genus Lilium, with its great variety of 
characters distributed among forty-five species, is typical 
of the other genera of the family, as far as present inves- 
tigations go, in having the same chromosome number for 
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all of its species. Others suggest that the more chromo- 
somes a plant species possesses the greater is its varia- 
bility. Thus Spillman 3 speaks of the low variability of 
rye, suggesting its small chromosome number (six or 
eight) as a possible reason; for maize, having probably 
from twenty to twenty-four chromosomes, is infinitely 
more variable than rye. However, Britton's "Manual" 
selects Crepis virens for special mention as an extremely 
variable species from among the four or five other species 
listed under that genus, and it is known that C. virens 
has only six chromosomes, while three other species of 
Crepis investigated all have higher numbers. Again, ac- 
cording to Wiegand, the Canna has only six chromosomes, 
yet every gardener is well acquainted with the infinite 
variety in Cannas. 

The Chromosomes and Variability 
After a consideration of the above facts, one may well 
hesitate to state that there is even a high degree of corre- 
lation either between variability in chromosome number 
and general variability, or between high numbers of chro- 
mosomes and a high degree of variability in specific char- 
acters. On the other hand, it is not certain that the data 
upon which our discussion is based are relevant to the case 
in hand. We have discussed a possible relationship be- 
tween chromosome numbers and species complexity and 
variability as found in the wild. This is not at all the 
same thing as discussing the relationship between chro- 
mosome number and true variability. It is true that com- 
plexity and specialization of plants and animals seem to 
have no connection with chromosome number, and that 
within a family a genus or a species profusion of taxo- 
nomic characters do not go hand-in-hand with high chro- 
mosome numbers. But in these cases our data come from 
persistent forms. "What the actual inherent variability 
of the protoplasm is in most cases we do not know. Dro- 
sophila ampelopMla, a species with only four chromo- 

s Six according to Westgate 's unpublished data ; eight according to Nakao. 
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some pairs, is considered to be very constant in its char- 
acters from the taxonomist's standpoint, yet by careful 
continued observation Morgan has succeeded in detecting 
over 130 mutations. 

From a strictly mathematical standpoint, it would seem 
that if other things are equal, variability would take place 
in proportion to the number of chromosome units. The 
difficulty is that in no case do we know anything whatever 
about the relative complexity of any particular chromo- 
some unit. One must infer, however, that the 47-48 chro- 
mosomes in man are individually much more complex than 
the 128-132 chromosomes in the fern Nephrodium molle. 
If this inference be correct there are reasons why altera- 
tion in determinants may occur in direct proportion to 
the number of chromosomes or rather to the mass of chro- 
matin without there being visible somatic variability in 
the same ratio. Let us construct an imaginary plan for 
preventing visible variation without preventing change 
in chromosome determinants. Unquestionably the sim- 
plest means is to double the chromosome number. Se- 
lecting, for example, a species with four chromosomes, let 
us suppose that fertilization occurs without a. reduction 
division at some time or other. Then instead of a dual 
organism with two sets of chromosomes of similar func- 
tion, one from the male and one from the female parent, 
there would be a quadruple organism with two sets of 
similar chromosomes from each parent. Any germinal 
change which would produce a new dominant character 
would be apparent immediately, but for a recessive change 
to appear— and these are many times as numerous as the 
others— it would be necessary to have identical changes 
occur in two chromosomes. Following out this line of 
reasoning, it is not hard to see what a great possibility 
for uniformity there is in further chromosome duplication, 
provided the actual fact of duplication makes no great 
change in the organism. That chromosome doubling has 
no decided visible effect we have seen from the cases 
already described ; and since so many nearly related spe- 
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cies and varieties have their chromosome numbers in 
series 1:2:3:4, etc., it seems by no means improbable that 
what we have imagined above has actually occurred many 
times. And if one may believe that the event has the 
result supposed, all the worry about relationships between 
chromosome number and height of species in the scale of 
evolution may be eliminated. 

Normal Chromosome Behavior and Heredity 
The second query, concerning the relation of normal 
chromosome behavior to the transmission of characters, 
is much more important than the one just examined, but 
it can be discussed more briefly. By normal "chromo- 
some behavior" is meant a reduction division where ma- 
ternal and paternal chromosomes approach each other in 
definite pairs (if homologous pairs are present), chance 
only governing the passage of either to a particular 
daughter cell. This is probably the usual behavior in the 
higher plants and animals, and upon this behavior depends 
Mendelian heredity in the narrow sense. The thesis to be 
submitted and scrutinized is the following : The maximum 
possible difficulty in the improvement of animals and 
plants by hybridization usually depends directly upon the 
chromosome number. 

When a mutation in a single determinant takes place in 
the germ cells of a plant, such as may cause the loss of 
red color in the corolla, crosses between such a form and 
the normal give a monohybrid Mendelian result. Two 
mutations in non-homologous chromosomes gives in a 
similar way a dihybrid result. Such simple conditions, 
however, are not met with very frequently. For example, 
"White found that a fasciated tobacco when crossed with 
the type from which it sprang and from which it probably 
differed only by this single determinant, gave a mono- 
hybrid Mendelian ratio in the F 2 generation ; but when the 
fasciated type was crossed with other types the result was 
a complex F 2 population. This population was suscepti- 
ble of analysis, nevertheless, and showed that the various 
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varieties with which the fasciated type was crossed dif- 
fered from it by several determinants, each. of which was 
transmitted independently though they every one affected 
the development of fascicdion. This illustration is not 
one of a rare phenomenon. It is what geneticists find 
constantly in their experiments. Presence or absence of 
a particular character may depend upon the presence or 
absence of a particular essential determinant, but, given 
this determinant, sooner or later the investigator finds 
several other determinants which modify the expression 
of the character. The existence of these modifiers has 
been the cause of a great deal of confusion in the analysis 
of breeding results, but in reality the inheritance is sim- 
ple. The experience that all investigators who have 
worked intensively have had with them shows that prac- 
tically all somatic characters are due to multiple determi- 
nants in the germ cells. It merely depends on the rela- 
tive difference between the germ plasms brought together 
in crosses, how complex the resulting F 2 populations ap- 
pear. Since even apparently simple characters are thus 
due to complex germinal interactions, that results of 
crosses made for the purpose of improving such intangi- 
ble things as yield, size, quality, etc., should be complex, 
is not astonishing. In the comparatively extensive expe- 
rience that the writer has had in breeding tobacco, maize, 
peas and beans the wide variability of the F 2 population 
in crosses between distinct varieties leads him to think 
that it is extremely common for such varieties to differ 
qualitatively in every chromosome. Furthermore, the 
relative complexity of the segregating populations is 
much greater in tobacco than in corn and greater in corn 
than in peas or beans. "What can this mean but that when 
varieties are found that differ qualitatively in all of their 
chromosomes, the complexity of the result varies directly 
with the number of chromosomes present. 

In Mendelian inheritance the number of actual types 
(both homozygous and heterozygous) present in the F 2 
population when all are represented is 3", and the number 
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of individuals that must be present to give an equal chance 
for the presence or absence of an individual of every type 
is 4", where n represents the number of allelomorphic 
pairs. This being true, if differences in all of the chro- 
mosomes are predicated in tobacco and in pea crosses, the 
maximum number of individuals necessary in the F 2 gen- 
eration to allow for one reproduction of each of the grand- 
parental forms is 4 24 in the first case and 4 7 in the second 
case. It is clear that there is an absolutely overwhelming 
difference in the difficulty of recovering the grandpar- 
ental forms in the two examples. 

Now this is about what one wishes to do in many plant- 
breeding problems. It is desired to combine one or two 
characters from one parent with all of the other qualities 
of the second parent. And such has been my experience 
that I believe that this maximum possible difficulty in the 
operation as predicated by qualitative differences in all of 
the chromosomes often occurs. There can be no question 
on these grounds of the importance of determining the 
number of chromosomes in a species before beginning 
a complex plant-breeding problem, and thus being able to 
comprehend the maximum possible difficulties that may 
be encountered. How greatly these difficulties vary may 
be seen in the very incomplete list of chromosome counts 
in common plants that is given below. 



Common Name 


Scientific Name 


N 


2N 


Date 


Investigator 


Banana 


Musa sapicntum, "dole". 
Musa sapientum, 


8 


"16" 


1910 


Tischler, G. 




"Radjah Siam" 


16 


"32" 


1910 


" " 


" 


Musa sapie ntum, " Kladi " 


24 


48 


1910 


" " 


Bean 


Phaseolus vulgaris '. 


8 


16 


1904 


Wager, H. 


Calla lily. . . . 




8 


16 


1909 


Overton, J. B. 


Canna 




3 


6 


1900 


Wiegand, K. M. 


<< 


(1 u 


8 


more than 
10 


1904 








Kornicke, M. 


Corn 


Zea Mays, "yellow 
starchy" "amber rice 
pop," "black starchy," 
"golden broach field," 












"white flint" 


10 


"20" 


1911 


Kuwada, Y. 


" 


Zea Mays, "red starchy," 












"red sugar" 


9-10 


"18-20" 


1911 


" " 


" 


Zea Mays, early S-rowed 












sugar '• 


9-12 




1911 


" " 
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Common Name 



Scientific Name 

Zea Mays, early sugar. . . 

Gossypium," hybrid". . . 

" , "Egyptian". 

Ribes 2 sp 

Taraxacum confertum . . . 

sp 

Sambucus sp 

(Enothera grandiflora. . . . 

0. lamarckiana 

0. gigas 

Nephrodium molle 

Iris squalens 

Crepis lanceolata var 
platyphylum 

Crepis virens 

Crepis tectorum 

Crepis japonica 

Lilium martagon 

Convallaria majalis 

Convallaria majalis 

Morus alba, "Shirowase" 

Morus indica 

Solanum nigrum 

Allium Cepa 

Paeonia spectabilis 

Pisum sativum 

Diospyros virginiana 

Pinus laricio 

Oryza sativa 

Rosa sp. — 3 species 

Nicotiana sp 

Solanum lycopersicum. . . 

Tulipa Gesneriana 

Trillium grandiflorum. . . 
Triticum vulgare 



Date 



Investigator 



Cotton. . . . 

Currant . . . 
Dandelion . 

Elderberry. 
Evening 

primrose 
Evening 

primrose. 

Evening 

primrose. 
Fern 



Flag.' 

Hawksbeard . 



"56" 



12 
28 
20 

"16" 
8 "16' 
12orl3 about 26 
18 38 



Lily 

Lily-of-the- 

Valley. . . 
Lily-of-the- 

Valley. . . 
Mulberry. . 

Nightshade 

Onion 

Peony 

Pea 

Persimmon . 

Pine 

Rice 

Rose 

Tobacco . . . 
Tomato . . . 

Tulip 

Wake-robin 
Wheat .... 



"7" 

7 

14 
04 
or 
60 
12 



3 

4 

8 

12 

18 

16 
17? 
14 
36 

"8" 
12 

7 



12 

12 

8 

24 

12 

12 

6 

8 

8 

8 



14 
14 

28 
12S 
or 
132 

24 

10 



16 
24 

"36" 

32 

40-50 

28 

72? 

"16" 

"24" 

14 

30 or 

more 

24 

24» 

10 

48 

24 

24 

12 

10 

"16" 

"16" 



1911 { 

1903 ICannon, W. A. 
1910 :Balls, W. L. 
1906 JTischler, G. 
1909 |Rosenberg, O. 
1905 Uuel, H. O. 
1909 Lagerberg, T. 



1909 

1907 
1911 

1909 

1908 

1900 

1911 

1909 
1905 
1910 

1884 

1899 

1909 
1910 
1910 
1909 



1893 
1903 

1911 
1899 
1910 
1904 
1913 
1909 
1901 
1899 
1896 
1893 
1908 



Davis, B. M. 

Geerts, J. M. 
Gates, R. R. 

Gates, R. R. 

Yamanouchi, S. 

Strasburger, E. 

Tahara, M., and M. 

Ishikawa. 
Rosenberg, O. 
Juel, H. O. 
Tahara, M. 
Guignard, L. 

Wiegand, K. M. 

Sauer, L. W. 
Tahara, M. 
Tahara, M. 
Winkler, Hans 
Schaffner, J. H. 
Overton, E. 
Cannon, W. A. 
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Among these figures are found four of our most impor- 
tant crops— wheat, tohacco, corn and cotton. They con- 
trast strikingly in their chromosome numbers. Wheat 
and tobacco, species in which the flowers are naturally 
self-pollinated, have 8 and 24 chromosomes, respectively, 

* ' ' But we often find a larger number. ' ' Quotation marks refer to in- 
ferred numbers rather than actual countings. 



486 THE AMEBIC AN NATURALIST [Vol. XLIX 

in their gametes. Corn and cotton, species usually cross- 
pollinated, have 10-12 and 20-28 chromosomes, respect- 
ively, in their germ cells. These species all have been 
under cultivation since before there has been recorded his- 
tory. Many varieties of each exist. It is not at all im- 
probable that with thousands of years of cultivation and 
selection under diverse conditions, mutations in most of 
their chromosomes have persisted. If, then, improvement 
means working on character complexes that involve al- 
most all of the plant functions, it does not seem improb- 
able that the actual difference in the difficulty of improving 
wheat and tobacco is as 4 s : 4 24 , or about 1 to 4,295,000,000. 
In like manner corn and cotton compare in the ratio 
4 10 : 4 2S , or 1 to 68,720.000,000. And is it not true that 
modern improvement in most of these crops does involve 
nearly all the plant functions? Yield in wheat involves 
number and size of grain, and number of culms, with all 
that these things include in plant economy; yield of to- 
bacco involves number, size and thickness of the leaves. 
Quality, a mystical word, is perhaps still more complex. 
In wheat, it takes in habit of growth of both root and stem 
and such other characters as go to make up strength and 
hardiness, thickness of pericarp, size of aleurone cells, and 
the physical and the chemical character of both endo- 
sperm and embryo, as well as their size ratios in regard 
to each other. In tobacco, it includes thickness and 
strength of leaf, color, texture and all chemical and physi- 
cal characters that make for flavor and "burn." 

One may say that this is all very well as a theory, but 
that it is all theory, and ask what support is given to it by 
practise. I have had personal experience with but two 
of these four crops. I have worked extensively and in- 
tensively with corn and tobacco for some ten years. But 
I have followed carefully the published experiments in 
breeding wheat and cotton and have seen several of the 
more important experiments. And I may say that it was 
my observation of the extreme difficulty in the experi- 
ments with cotton and tobacco as compared with corn and 
wheat that led to this theory of the cause. 
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In proposing this thesis, the chromosomes have been 
considered as pairs of freight boats loaded with character 
determiners, shifted bodily to the daughter cells by in- 
ternal forces of which we are ignorant. Yet this is not 
the whole truth. The determiners in particular chromo- 
somes seem to be tied together more or less tightly, but 
they are not always transferred as one package. They 
are coupled in their transmission to the next generation, 
but this coupling is not perfect. Breaks in the coupling- 
occur and there is order and regularity in these breaks. 
Our knowledge on these matters rests upon the researches 
of Morgan on Drosophila, Bateson on the sweet pea, and 
Tanaka on the silkworm, so it is not certain whether these 
are common grounds for this regularity or whether each 
species has regular laws which control the breaks in cor- 
relation. But in either case, these breaks do not inter- 
fere with our proposition. They only complicate matters. 
In most of the cases in Drosophila, where they are best 
known, linkage is comparatively tight, i. e., breaks are 
somewhat rare; but they may become so frequent as to 
simulate inheritance from separate chromosomes. In 
those cases our theory is of no value, but if Drosophila 
is any criterion by which to judge, such conditions are 
very unusual. 

Abnormal Chromosome Behavior and Heredity 
The third query concerning the relations of peculiar or 
unusual chromosome behavior to the transmission of 
characters may be passed over with a word. In certain 
insects, for example, bees, wasps, aphids, phylloxerans, 
etc., odd sex ratios and attendant complexities have long- 
been known. These have been cleared up more or less 
completely by cytological studies. They depended upon 
chromosome behaviors that are not usual in animals or 
plants. Similar peculiar chromosome mechanisms may 
be present in many other species. Attention is merely 
called to the fact that if experiments on any plant species 
appear to show that its characters do not obey the laws 
that have been demonstrated for so many types, their 
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cytological eccentricities should be looked into. In them 
will probably be found the key to the situation. The 
CEnotheras may be mentioned as a case in point. Their 
heredity in many cases is not what would be expected by 
analogy with other plants. We know that in some ways 
the behavior of their chromosomes is irregular. Further 
study will probably show that this is the sole cause of their 
anomalous heredity. 
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